The pharmacokinetic variables of sufentanil were studied in 20 healthy chiMren between two and eight years of age. The plasma concentrations of sufentanil were meas,lred for up to 480 rain after administration of a bolus of sufentanil, I-3 I.tg 9 kg -j. The distribution rain and the elimblation half life (t t,Tfl) was 9Z0 -.-+ 42.0 min. The volume of distribution at stead), state (Vdss) was 2.9 4.-0.6 L .kg -t and the clearance was 30.5 .-+ 8.8 ml " kg -t 9 rain -t. The Vdss was one and a half times greater than that reported in adults when expressed as a fimction of bo~, weight but similar to that of adults when expressed as a function of body surface area. According to our results, the clearance of sufentanil in normal children between two and eight years of age is twice as rupid as that described in adults and adolescents. A greater clearance of sufentanil in children suggests that they would require relatively greater mainlenance doses than adults.
Sufentanil is currently used in paediatric anaesthesia for cardiac and non-cardiac surgery. I-5 To date, in children less than ten years of age, the published sufentanil pharmacokinetic variables have been derived from patients with congenital heart disease. 6-8 It has been shown that the pharmacokinetics of fentanyl in children with congenital cardiac disease may differ from those of normal children. 9 In children with Fallot's tetralogy, the volume of distribution at steady-state (Vdss) was lower than that reported for normal children and there was a positive correlation between PO 2 and the Vdss. 9 It is possible that the pharmacokinetics of sufentanil obtained until now may not apply to normal children. The aim of this study was to describe the pharmacokinetic variables of sufentanil in normal children between two and eight years of age.
Methods
The protocol was approved by the hospital ethics committee and written informed consent was obtained for all patients. Twenty-five children between the ages of two and eight years, ASA physical status I and 1I, scheduled for elective anaesthesia and surgery, were included in this study. The patients had no history of cardiac, renal or hepatic disease and had received no medication in the week before anaesthesia apart from antibiotics. Only patients with a predicted blood loss during surgery of less than 5% of the estimated blood volume were included in the study. Each patient had fasted for at least eight hours and had received no premedication.
A standardized anaesthesia technique was used in all patients. After atropine I 0 I~g" kg -I and d-tubocurarine 50 ~g. kg -~, anaesthesia was induced with thiopentone 5 to 7 CAN J ANAESTH 1992 / 39: I ! pp 14--20 mg. kg -1 and succinylcholine 1.5 mg. kg -I was given to facilitate tracheal intubation after ventilation with 100% oxygen. Anaesthesia was maintained with 70% nitrous oxide, 30% oxygen and muscle relaxation was produced with pancuronium 0.07 mg. kg -I. Sufentanil citrate was administered as a bolus of 1 to 3 l~,g' kg -I before surgical incision according to the estimated duration of surgery. lsoflurane was added to keep a mean blood pressure within 10% of preinduction values. Appropriate minute ventilation and fresh gas flows were calculated in order to maintain normocarbia using a coaxial circuit. Body temperature was kept between 36 and 38 ~ C. The maintenance fluid requirements were given as dextrose 2.5% in Ringer's lactate, and third space and surgical blood losses were replaced with Ringer's lactate. No other medication was given apart from prophylactic antibiotics when indicated. At the end of surgery, neuromuscular blockade was reversed with neostigmine 40 I.tg" kg -~ and atropine 20 ~.g. kg -I, and the tracheas were extubated after the resumption of spontaneous ventilation, adequate airway reflexes, and appropriate response to simple command.
Blood pressure and cardiac rate were recorded with an automated oscillometric blood pressure device (Dinamap | ) on arrival in the operating room, after induction of anaesthesia, tracheal intubation, administration of sufentanil, surgical incision and every five minutes thereafter throughout surgery. Also noted were the times of induction of anaesthesia, administration of sufentanil, surgical incision, addition of isoflurane, the end of surgery and of anaesthesia. Furthermore the intervals between cessation of nitrous oxide and the following events: return of spontaneous ventilation, response to verbal command, and extubation were recorded. After extubation, a capillary blood gas was drawn and the patients were kept under observation in the recovery room for at least 90 min. Incidence of vomiting in the recovery room and analgesic requirements during the first 24 hr after surgery were also recorded. Supplemental analgesia in the recovery room or on the ward was administered at the discretion of the surgeon.
A heparinized venous catheter was installed on the dorsum of the hand or antecubital fossa on the side opposite to the site of drug injection. Three milliliters of blood were withdrawn for determination of sufentanil concentrations at the following times: 0, 1,2, 3, 5, 10, 15, 30, 45, 60, 120, 180, 240, 300, 360, 420 and 480 min after sufentanil injection. These samples were sent to the laboratory on ice, centrifuged immediately and frozen at -4 0 ~ C. Plasma concentrations of sufentanil were measured in duplicate by radioimmunoassay according to the technique described by Michiels etal.t~ If these two values differed by more than 10%, two new analyses were performed. In our laboratory, the limit of quantitation of 15 FIGURE Composite graphs of the measured plasrna serum sufentanil concentrations versus time. The patients received the following doses: (a) 0.9 to 1.9 ~g" kg -~, (b) 2.0 to 2.9 ~g" kg -~ and (c) >3.0 la,g" kg-L this technique was 50 pg. ml -I. This assay was linear for concentrations from 50 to 4000 pg. ml -I with intra-and interassay coefficients of variation of 12 and 16% respectively at 300 pg' ml -t (n = 4), 1 I and i 3% at 600 pg. ml -I (n = 4), 8 and 10% at 900 pg. mi -t (n = 4).
The sufentanil plasma concentration-time profile showed a biexponential decay suggesting that a twocompartment open pharmacokinetic model was appropriate (Figure a, b and c). The data were fitted to this model using the SIPHAR least-square fitting program (SIMED. Creteil, France) with an inverse weighting of the predicted squared ( I/Y 2) drug concentrations. The ability of a threecompartment model to describe the concentration-time profile adequately was compared and ruled out. Pharmacokinetic variables were derived according to standard formulae, tl These included: fast distribution half-life (tt/2a), elimination half-life (tt/213), total body clearance (CI), apparent volume of distribution (VB), apparent volume of distribution at steady-state (Vdss) and apparent central volume of distribution (Vc). Volume of distribution at steady-state (Vdss) and clearance (CI) were also obtained using non-compartmental analysis and were similar to those obtained with the compartmental analysis, indicating the adequacy of the model.
Results
Of the 25 children evaluated, five boys were excluded from the study due to inadequate blood sampling. The descriptive data of the children who completed this study are listed in Table I . The patients received a mean dose of 2.41 _ 0.65 Isg" kg -t of sufentanil, i.e., median dose of 1.2 txg" kg -I per hour of surgery (0.7 to 2.2). After administration of sufentanil, the mean blood pressure decreased by 17.2% compared with the preoperative value and returned to baseline within five minutes of surgical incision. The mean maximum delivered concentration of isoflurane used was 0.7%; this concentration was attained 80 min after surgical incision. After stopping nitrous oxide, the median time for resumption of spontaneous respiration was 11 rain (2 to 23), for response to verbal stimulation 11.5 (2 to 38) min, and for extubation 11.5 (2 to 37) min. Table 1I gives the pharmacokinetic data of the individual patients as well as the means and standard deviations for the group. The clearance of sufentanil did not vary with age or the dose administered (non-significant r with linear regression analysis). Indeed, the clearance was 31.7 • 9.2 ml" kg -~ 9 min -~ for the patients who received a sufentanil dose from 0.9 to 1.9 t-tg" kg -I (seven patients), 27.5 +-8. I ml. kg -I 9 min -~ from 2.0 to 2.9 I~g" kg -I (eight patients) and 33.5 --+ 9.8 ml'kg -I'min -t > 3.0 I~g'kg -1 (five patients).
Discussion
In this study, the distribution half-life (Ti/2a) of sufentanil in children between two and eight years of age was approximately one-third that of adults (5.2 +_ 2.2 min vs 17.7 _+ 2.6 min) (Table Ill) . 12 The elimination half-life (TI,,213 = 97.0 ---42.0 min) was shorter than that reported for adults (I 64 __. 22 min) and was slightly higher than that described for normal adolescents between ten and fifteen years of age (76.0 _ 32.8 min). 12'13 Although blood samples were collected for an eight-hour period in all patients, the limit of quantitation of the assay was often reached before the last sample (Table II) . Estimation of the elimination half-life is highly dependent on duration of blood sampling and explains the high variability of the half-lives in our study. The volume of distribution at steady state (Vdss) expressed as a function of body weight was about one and a half times greater than that previously described in adults suggest that the initial dose of sufentanil calculated as a function of body weight will be approximately one and a half times that of adults, whereas the dose calculated as a function of body surface area will be identical to that of adults. The steady-state volume of distribution of sufentanil reported in children with cardiopathy seems to be identical to that of normal children (2.7 ___ 0.5 L. kg -I 9 vs 2.9 ___ 0.6 L-kg-l). 6 These results differ from those obtained for fentanyl since the volume of distribution of fentanyl in children with cardiopathy was smaller than that of normal children. 9 The greater lipid solubility of sufentanil and the subsequent increase in tissue diffusion probably accounts for this difference between the two drugs. 14 A low cardiac output and/or a low pulmonary blood flow will affect the volume of distribution of fentanyl, to a greater extent than sufentanil. Therefore, these results suggest that in children with cardiopathy, the initial bolus dose of fentanyl but not of sufentanil should be reduced. 9 This recommendation should be adjusted according to the haemodynamic response, since sufentanil may cause greater hypotension than fentanyl under certain circumstances, l The plasma clearance with respect to body weight (30.5 • 8.8 ml. kg -t 9 min -I) was twice as rapid as that reported for adolescents (12.8 _ 12.0 ml. kg -~ 9 min -~) and adults (12.7 • 0.8 ml-kg -I-min-I), lz'13 Several factors might have contributed to the difference between our results in children and those reported for adolescents and adults. Our results were obtained from venous blood samples as opposed to arterial blood samples in the Davis study. 13 Blood concentrations measured from venous blood samples will be lower than those measured from arterial blood samples, at least shortly after the administration of the drug. The area under the curve obtained after a venous site of sampling will be smaller and hence the estimated clearance should be higher. 15 However, for a very lipid soluble drug such as sufentanil the arterio-venous difference should decrease rapidly and the difference in the estimated clearance obtained from the two different sites of sampling should be small. This fast disappearance of the arterio-venous difference for sufentanil is confirmed by the fact that in our study the Vdss was found to be similar to that reported by Greeley using arterial blood sample in a similar age group (2.9 L-kg -I vs 2.7 L-kg-t). 6 We do not think that the big difference in clearance between our study and the one reported in adolescents can be explained by different blood sampling sites.
In our study the limit of quantitation was achieved earlier (t~, a Table II) than in Bovill's study (480 min). t2 However, we believe that in our study the clearance was not overestimated for the following reasons. First, it can be seen in the Figure that sufentanil enters its postdistribution phase one hour after its administration and remains linear for the remaining time. This was consistent in the four patients in which sufentanil plasma concentrations were higher than 50 pg.ml -~ after seven hours. In these patients, the estimated half-life was greater than that observed when sampling duration was shorter but the clearance and Vdss were not changed proportionally. Second, the area under the curve extrapolated to infinity (AUC teao.:~) represented, in all cases, less than 20% of the total area under the curve (range 6.3-19.6%) (Table 11) , the sole exception being subject #2, who had a 60 min sampling duration. Therefore, the limit ofquantitation was not reached before at least three or four elimination halflives were measured.
The greater clearance in children could be explained by a greater hepatic blood flow and metabolism. The clearance of very lipophilic substances with a high extraction ratio such as sufentanil is highly dependent of the hepatic blood flow. t6 In children, the liver represents 4 to 5% of the total body weight compared with 2% in the adult. 17 Although no precise data on this subject were found in the literature, it seems logical that the child's hepatic blood flow according to body weight (ml. kg -I 9 min -I) would be superior to that of the adult. The metabolism of sufentanil is mainly by O-demethylation and N-dealkylation. ! n the child, the enzymatic activity of certain isoenzymes of the cytochrome P-450 system is increased. This has been demonstrated for numerous substances. For example the clearance oftheophylline decreases from 1.7 to 0.9 and 0.6 ml 9 kg -1 9 min -I in children, adolescents and adults respectively. 18-2~ A greater clearance of sufentanil in children suggests that they require relatively greater maintenance doses than adults. Moreover, it would be theoretically possible to use a greater dose of sufentanil for surgery of short duration. According to Glenski, a dose greater than 0.5 I~g" kg -t for surgery of short duration increases the risk of vomiting and respiratory depression. 3 This study showed minor respiratory effects since the mean PCO 2 in our patients after tracheal extubation was elevated (47.6 -7.8 mmHg), and no patients required naloxone. Only one patient, who had a cholecystectomy, vomited in the recovery room.
Our clearance results differed substantially from those described by Greeley et al. for a similar age group (30.5 -8.8 ml-kg -I.min -I. vs 16.9 _ 2.2 ml.kg -t.min -I) (Table III) . 6 The use of halothane by these authors may account, in part, for the difference, because hepatic blood flow is decreased by halothane and increased by isoflurane, zl Tissue uptake of a very lipid soluble substance such as sufentanil is limited by tissue blood flow. ~4't6 It is possible, therefore, that a decrease in hepatic blood flow and thus hepatic extraction by halothane decreases the metabolism of sufentanil and increases its elimination halflife. Halothane may also diminish the activity of cytochrome P-450 under certain circumstances. 22"23 Nevertheless, considering the brief use of halothane in the Greeley et al. study and the low concentrations of isoflurane used in ours, it seems unlikely that the difference in anaesthesia technique is sufficient to account for the large differences in clearance. Another explanation may be in population, since all the patients studied by Greeley had cardiopathy. Cardiac insufficiency may decrease the hepatic blood flow which in turn will diminish the clearance of substances with a high extraction ratio as has been demonstrated for lidocaine. 24 Furthermore, cardiac insufficiency may also reduce the activity of cytochrome P-450. 25 It is probable that the clearance of sufentanil is reduced in children with cardiopathy.
In conclusion, the clearance of sufentanil in normal children between two and eight years of age was found to be twice as rapid as that previously described in adults. The Vdss was greater than in adults when expressed as a function of body weight and was similar to that of adults when expressed as a function of body surface area.
